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ABSTRACT
The galaxies M82, NGC 253, NGC 1068, and NGC 4945 have been detected in γ-rays by Fermi.
Previously, we developed and tested a model for cosmic ray interactions in the starburst galaxy M82.
Now, we aim to explore the differences between starburst and active galactic nuclei (AGN) environ-
ments by applying our self-consistent model to the starburst galaxy NGC 253 and the Seyfert galaxy
NGC 1068. Assuming constant cosmic-ray acceleration efficiency by supernova remnants with Milky-
Way parameters, we calculate the cosmic-ray proton and primary and secondary electron/positron
populations, predict the radio and γ-ray spectra, and compare with published measurements. We find
that our models easily fits the observed γ-ray spectrum for NGC 253 while constraining the cosmic
ray source spectral index and acceleration efficiency. However, we encountered difficultly modeling the
observed radio data and constraining the speed of the galactic wind and the magnetic field strength,
unless the gas mass is less than currently preferred values. Additionally, our starburst model consis-
tently underestimates the observed γ-ray flux and overestimates the radio flux for NGC 1068; these
issues would be resolved if the AGN is the primary source of γ-rays. We discuss the implications of
these results and make predictions for the neutrino fluxes for both galaxies.
Subject headings: cosmic rays, galaxies: individual (NGC 253), galaxies: individual (NGC 1068),
galaxies: starburst, gamma rays: galaxies, radio continuum: galaxies
1. INTRODUCTION
It is generally agreed that low-frequency (radio) emis-
sion from relativistic jets in active galactic nuclei (AGN)
is synchrotron emission from nonthermal electrons. How-
ever, it is still debated whether the high-frequency (X-
ray & γ-ray) emission is due solely to Compton scat-
tering by the electrons responsible for the low-frequency
synchrotron emission or due to hadronic processes result-
ing from protons being co-accelerated with the electrons
(e.g., Schlickeiser et al. 2002). If hadronic models are
valid, AGN would be an expected source of neutrinos, as
the proton interactions responsible for the production of
neutral pions which result in γ-rays also produce charged
pions, which result in secondary electrons, positrons, and
neutrinos (e.g., Anchordoqui et al. 2008). Can we ex-
pect AGN to be detectable neutrino sources at the level
that starburst systems of similar γ-ray luminosity are
expected to be? Observations by the space-based γ-ray
telescope Fermi and future observations by the hard X-
ray space telescope NuSTAR may help to further resolve
this question.
Building on the approach of previous models (e.g.
Torres 2004; Thompson et al. 2007; Lacki et al. 2010,
2011; Paglione et al. 2012), we developed a semi-analytic
model for cosmic ray interactions for the starburst galaxy
M82 (Yoast-Hull et al. 2013, hereafter YEGZ). In devel-
oping the model, we emphasized the important role of
galactic winds while limiting the number of free param-
eters and keeping our models observationally informed.
Now, we aim to determine whether the model is appli-
cable to other starburst systems and explore benefits
and limitations of such models due to the presence of
AGN. The starburst galaxy NGC 253 has been detected
in γ-rays by both space-based (Fermi) and ground-based
(HESS) telescopes and possibly contains an active cen-
tral supermassive black hole (SMBH) (Mitsuishi et al.
2011). Seyfert 2 galaxies NGC 1068 and NGC 4945
have also been detected with Fermi. Though NGC 1068
(D = 14.4 Mpc; NASA/IPAC Extragalactic Database)6
is more distant than the nearby NGC 253 (D = 3.9 Mpc;
Karachentsev et al. 2003) and NGC 4945 (D = 3.8 Mpc;
Karachentsev et al. 2007), all three have γ-ray fluxes of
the same order of magnitude (Ackermann et al. 2012).
In this paper, we determine whether our model is ap-
plicable to a combined starburst / AGN environment.
We select the starburst galaxy NGC 253 with a possible
low-activity AGN and the high-activity Seyfert galaxy
NGC 1068. Applying our model to NGC 253 and NGC
1068, we seek the best-fit cosmic ray interaction model
which accurately reproduces both radio and γ-ray spec-
tra within the confines of the observed properties of
the interstellar medium (ISM) and surrounding radiation
field. Additionally, we make a prediction of the neutrino
fluxes from both galaxies.
The next section describes the observed properties of
NGC 253 and NGC 1068. Section 3 details how the pop-
ulation of energetic particles was computed. Section 4
6 The NASA/IPAC Extragalactic Database (NED) is operated
by the Jet Propulsion Laboratory, California Institute of Tech-
nology, under contract with the National Aeronautics and Space
Administration.
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TABLE 1
Observed Model Parameters
Physical Parameters NGC 253 Values Adopted References NGC 1068 Values Adopted References
Distance 3.9 Mpc 1 14.4 Mpc 7
Central Molecular Zone (CMZ) Radius 150 pc 2 200 pc 8
Molecular Gas Mass 1− 3× 108 M⊙ 3, 4 5× 107 M⊙ 9
Average ISM Densitya 500 - 1400 cm−3 250 cm−3
IR Luminosity 3× 1010 L⊙ 5 1.5× 1011 L⊙ 10
Radiation Field Energy Densitya 500 - 2000 eV cm−3 104 eV cm−3
SN Explosion Rate 0.1 yr−1 6 0.07 yr−1 11
SN Explosion Energyb 1051 ergs 1051 ergs
SN Energy Transferred to CRb 4 - 20% 10%
Ratio of Primary Protons 50 50
to Electrons (Np/Ne)
Slope of Primary CR 2.2/2.3 2.0
Source Function
References. — (1) Karachentsev et al. (2003); (2) Sakamoto et al. (2011); (3) Weiß et al. (2008);
(4) Hailey-Dunsheath et al. (2008); (5) Telesco & Harper (1980); (6) Lenc & Tingay (2006); (7) NASA/IPAC Extra-
galactic Database; (8) Krips et al. (2011); (9) Schinnerer et al. (2000); (10) Bock et al. (2000); (11) Storchi-Bergmann et al.
(2012);
a Derived from above parameters
b Excludes neutrino energy
contains the results of our model for NGC 253 and NGC
1068. In Section 5, we compare and contrast the results
for NGC 253 and NGC 1068 and discuss predictions for
the neutrino flux and the resulting implications. In Sec-
tion 6, we present concluding remarks.
2. GALAXY PROPERTIES AND OBSERVATIONS
2.1. Properties of NGC 253
NGC 253 is a giant, barred spiral galaxy with a cen-
tral starburst region. Tidal interactions are the cause
of many starbursts in massive galaxies, and while there
is no obvious companion or trigger for the starburst
in NGC 253, kinematic studies suggest NGC 253 may
have been involved in a past merger (Davidge 2010).
Models indicate that the current high level of nuclear
star formation has been ongoing for at least 20-30 Myr
(Engelbracht et al. 1998).
The center of NGC 253 is host to several compact ob-
jects which have been observed over a variety of wave-
lengths (Forbes et al. 2000). The strongest non-thermal,
compact radio source (TH2) has long been consid-
ered a possible AGN candidate (Ulvestad & Antonucci
1997; Mu¨ller-Sa´nchez et al. 2010). Additionally, X-ray
emission from the nucleus may be powered by an ob-
scured AGN or a combination of supernova remnants
and fluorescent line emission from molecular clouds
(Mitsuishi et al. 2011). However, new observations with
NuSTAR and Chandra are unable to rule out the possi-
bility that these compact X-ray sources are ultralumi-
nous X-ray sources (ULXs) and not a low-luminosity
AGN (Lehmer et al. 2013).
One of the other major features of NGC 253 is
the galactic wind emanating from the nuclear re-
gion (e.g., Ulrich 1978; Fabbiano & Trinchieri 1984;
Schulz & Wegner 1992). This galactic wind has been
detected in both Hα and X-rays. Observations of
the position and size of the outflow at both wave-
lengths match up almost exactly (Strickland et al. 2000,
2004). Optical observations give an outflow velocity
on the order of a few 100 km s−1 (e.g., Ulrich 1978;
Schulz & Wegner 1992; Westmoquette et al. 2011). Ad-
ditionally, Westmoquette et al. (2011) suggest that, like
star formation, the wind is quasi-steady.
Due to the obscured nature of the starburst nucleus
of NGC 253 (e.g., Kornei & McCrady 2009; Waller et al.
1988), determining the properties of the nuclear region
has been difficult. Radio observations yield supernova
rates ranging from 0.03 - 0.3 yr−1 (Ulvestad & Antonucci
1997; Van Buren & Greenhouse 1994). In this work,
we adopt a rate of 0.1 yr−1 based on Lenc & Tingay
(2006) (see Table 1 for additional parameters). Addi-
tionally, estimates of the molecular gas mass range from
(0.4− 4.2)× 108 M⊙ (Hailey-Dunsheath et al. 2008, and
references therein). We adopt a value of 3× 108 M⊙ for
the molecular gas mass for this paper, based on work by
Weiß et al. (2008). We adopted an ionized gas mass for
NGC 253 by scaling from the ratio of ionized to molecu-
lar gas in M82, which gives a mass of ∼ 3× 106 M⊙.
2.2. NGC 253 Radio & γ-Ray Spectra
NGC 253 is well observed in the radio for both ex-
tended emission and the central starburst core. Obser-
vations by Carilli (1996) and Williams & Bower (2010)
at 333 MHz and from 1 to 7 GHz show that the radio
spectrum turns down only slightly in the core at low fre-
quencies, unlike the radio spectrum for the core of M82,
which is completely absorbed at low frequencies. High
frequency observations from Ricci et al. (2006) at 18.5
and 22 GHz and from Peng et al. (1996) at 94 GHz re-
quire a free-free emission contribution to the flux in ad-
dition to non-thermal synchrotron emission. Observed
radio and γ-ray spectra are presented with model spec-
tra in Section 4.
NGC 253 has been observed in γ-rays at both GeV
and TeV energies by Fermi and HESS. Ackermann et al.
(2012) present four data points and two upper limits over
0.2 to 200 GeV from analysis of 30 months of Fermi data.
Abramowski et al. (2012) present a combined analysis of
five data points and one upper limit over 0.2 TeV to
30 TeV from HESS data with the Fermi data and fit a
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single power-law to both data sets, resulting in a spectral
index of Γ = 2.34. Paglione et al. (2012) present a more
current reduction of the Fermi data which we use for
comparison with our models instead of the Fermi data
shown in Ackermann et al. (2012).
2.3. Properties of NGC 1068
NGC 1068 is the closest, brightest Seyfert galaxy.
The total bolometric luminosity of the galaxy is LIR =
3 × 1011 L⊙; half of which is accounted for by the cir-
cumnuclear disk (CND) and AGN (Bock et al. 2000).
The galaxy supports a kiloparsec-scale, non-thermal ra-
dio jet (Wilson & Ulvestad 1983) and a compact ra-
dio nucleus (Gallimore et al. 1996a; Muxlow et al. 1996).
The complex chemical and kinematic properties of
the nuclear region have been well-studied at multi-
ple wavelengths (Exposito et al. 2011; Krips et al. 2011;
Storchi-Bergmann et al. 2012).
The circumnuclear starburst ring surrounding the
2.3 kpc stellar bar (Scoville et al. 1988; Thronson et al.
1989) is illuminated by star formation in the past 10 - 40
Myr (Davies et al. 1998). The stellar population inside
the CND, the inner ∼200 pc, developed in two bursts
at 30 and 300 Myr ago (Storchi-Bergmann et al. 2012).
Storchi-Bergmann et al. (2012) give the star formation
rate (SFR) for the inner galaxy as ∼ 10 M⊙ yr
−1. This
gives an upper bound on the supernova rate of ∼0.07
yr−1 for the nuclear region. We convert from SFR to su-
pernova rate with by analysis similar to Condon (1992).
Both starburst regions are rich in molecular gas with
masses of ∼ 7 × 108 M⊙ for the circumnuclear ring
and ∼ 5× 107 M⊙ for the CND (Schinnerer et al. 2000;
Spinoglio et al. 2012). CO, HCN, and HCO+ observa-
tions show that the gas is moderately dense (n(H2) =
103.5 − 105.5 cm−3) with a kinetic temperature of
> 100 K (Kamenetzky et al. 2011; Krips et al. 2011;
Hailey-Dunsheath et al. 2012).
2.4. NGC 1068 Radio & γ-Ray Spectra
As the nearest and brightest Seyfert galaxy, NGC
1068 has been extensively studied in the radio. On
the kiloparsec-scale, radio observations have mapped the
star-forming spiral arms and the radio jets. There are
extensive observations specifically targeting the AGN
on the parsec-scale (Ho¨nig et al. 2008). However, as
even observations of the inner hundred parsecs have a
dominant contribution from the AGN (Gallimore et al.
1996a), specifically the radio jet and counter-jet, there
are essentially no observations of the Central Molecular
Zone (CMZ) alone. Radio maps show little evidence of
ongoing star-formation in the central ∼150 pc.
γ-ray data for NGC 1068 are more limited than for
NGC 253. While there are four data points and two
upper limits at GeV energies, there is only a single up-
per limit for TeV energies from HESS (Ackermann et al.
2012). The Fermi data range from 0.2 GeV to 300 GeV
and the HESS upper limit is at 0.2 TeV.
3. THEORETICAL APPROACH
3.1. Primary and Secondary Cosmic Rays
Diffusion is thought to be of minor importance in star-
forming environments with high gas densities and galac-
tic winds. As such, following the approach in YEGZ,
a cosmic ray spectrum can be calculated from a single
quantity including the source function (dependent on su-
pernova rate) and the lifetime. Because we only consider
radiative and advective losses, our model is not applica-
ble to spatially extended regions, such as the inner spiral
arms in NGC 1068, where cosmic ray diffusion is impor-
tant. Thus, we apply our model specifically to the CMZs
of galaxies. Supernovae are the assumed drivers of cos-
mic ray acceleration, and so we adopt a power-law source
function (Q(E) = AE−p) such that∫ Emax
Emin
Q(E)EdE =
ηνSNE51
V
, (1)
where νSN is the supernova rate, V is the volume of the
starburst region, η is the fraction of the supernova energy
transferred to cosmic rays, and E51 = 1 is 10
51 ergs, the
typical energy from a supernova explosion. Thus, the
spectrum for primary protons is given by
N(E) =
(p− 2)
E−p+2min
ηνSNE51
V
E−p τ(E), (2)
whereEmin is the minimum cosmic ray energy, here taken
to be Emin = 0.1 GeV. τ(E) is the cosmic ray life-
time composed of an energy loss timescale (due to ra-
diative and collisional losses) and an energy independent
timescale:
τ(E)−1 ≡ τ−1adv+τ
−1
loss =
(
H
vadv
)−1
+
(
−
E
dE/dt
)−1
, (3)
where H is the scale height of the starburst region and
vadv is the speed of the particles in the wind of the star-
burst region (see also Lacki & Beck 2013). Energy losses
include ionization, pion production, bremsstrahlung,
synchrotron emission, and the inverse Compton effect.
Pion production from proton-proton collisions is the
dominant energy loss for cosmic ray protons above the
1.3 GeV threshold. As the lifetimes of both charged
and neutral pions are very short, pions quickly decay
into secondary electrons and positrons, neutrinos, and
γ-rays. The primary proton source function can be used
to calculate the source function for charged and neutral
pions (Kelner et al. 2006), and the pion source function
can then be used to calculate the spectrum of secondary
electrons and positrons (Schlickeiser 2002).
One of the main assumptions of the model is that
cosmic rays sample the mean density of the interstellar
medium. The density of the interstellar medium sampled
by the cosmic rays is vital to the model as it affects pion
production and thus both the γ-ray and radio spectra.
The majority of the ISM is hot, low density gas in which
pockets of cold, very dense molecular gas and warm ion-
ized gas can be found. In Boettcher et al. (2013), we
assumed a simple two phase model of cold, molecular
gas and hot, ionized gas of negligible density. We found
that for a wide range of cosmic ray injection conditions,
magnetic field properties, and wind speeds, the cosmic
rays sample the mean density of the ISM to within a fac-
tor of two. The effect of a third phase of dense, warm,
ionized gas on cosmic ray sampling will be considered in
future work.
From cosmic ray proton and primary and secondary
electron/positron populations, we can calculate nonther-
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mal radio synchrotron emission and γ-ray emission by
neutral pion decay, bremsstrahlung, and inverse Comp-
ton (see YEGZ for further details) for comparison with
observed data. Primary variables include spectral index
(p), cosmic ray acceleration efficiency (η), molecular gas
mass (Mmol), magnetic field strength (B), wind (advec-
tion) speed (vadv), ionized gas density (nion), and inter-
stellar radiation field energy density (Urad).
3.2. Radio Spectrum Model
In YEGZ, we found that observations of the starburst
core in M82 showed a complete turn down of the radio
emission at low frequencies. We attributed this to severe
free-free absorption in the core and adopted a model for
the starburst core with a cylindrical wall of warm, ion-
ized gas surrounding a lower density hot medium. Be-
cause some observations at low frequencies did not have
enough resolution to distinguish the core from the halo
in M82, we also included a component for radio emission
from the halo. Observations for NGC 253 do not show
the same severe free-free absorption at low frequencies as
in M82. However, there is significant free-free emission
at high frequencies, as is also the case in M82. Thus,
we expect that at least some fraction of the radio syn-
chrotron emission is still absorbed by ionized gas. To
account for this, we keep the thin shell geometry (with
shell width l/2 and radius l) for the nucleus, but assume
only a small fraction (fabs) of the synchrotron emission
is absorbed by the ionized gas. Then, the radiative in-
tensity of the absorbed synchrotron emission is given by
Iν,abs = jhotrie
−κWIMl/2fabs, (4)
where ri is the radius of the hot, diffuse gas (rstarburst =
ri + l/2), jhot is the emission coefficient for the hot gas
(jhot = j
synch
ν + j
ff,hot
ν ≈ j
synch
ν ), and κWIM is the ab-
sorption coefficient for the warm, ionized gas (κWIM =
κff,ionν ). The majority of the radio spectrum is unab-
sorbed synchrotron emission from the hot, diffuse gas:
Iν,hot = jhotri(1− fabs). (5)
Additionally, we have some portion of the radio spec-
trum composed of free-free emission from the ionized gas
clouds:
Iν,ion =
jWIM
κWIM
(
1− e−κWIMl
)
, (6)
where jWIM is the emission coefficient for the warm, ion-
ized gas (jWIM = j
synch
ν + j
ff,ion
ν ). Thus, the total emer-
gent intensity from the starburst region is
Iν = jhotri(fabs+(1−fabs)e
−κWIMl/2)+
jWIM
κWIM
(
1− e−κWIMl
)
.
(7)
For an absorption fraction of fabs = 1, this reduces to
Iν = jhotrie
−κWIMl/2 +
jWIM
κWIM
(
1− e−κWIMl
)
,
which is the expression for the radio emission that we
used for modeling M82 (YEGZ). Note that unlike in
YEGZ, we do not include a disk/halo component for
radio emission in this paper as radio observations of
the disk are separable from the halo (e.g., Heesen et al.
2009a,b).
3.3. Gamma-Ray Spectrum Model
We anticipate that inverse Compton scattering is a vi-
tal process for producing γ-rays in NGC 253 and NGC
1068. For inverse Compton scattering, the γ-ray source
function is given by (Rybicki & Lightman 1979)
qγ,IC(Eγ) =
3cσT
16π
∫ ∞
0
dǫ
v(ǫ)
ǫ
∫ ∞
γmin
dγ
ne(γ)
γ2
F (q,Γ),
(8)
with (Schlickeiser 2002)
γmin =
Eγ
(2mec2)
[
1 +
(
1 +
m2ec
4
ǫEγ
)1/2]
,
where Eγ is the energy of the resulting γ-ray, ǫ is the
energy of the incident photon, γ is the energy of the elec-
tron. Here, the combined cosmic ray electron/positron
spectrum, ne(γ), is in units of cm
−3. The function
F (q,Γ) is part of the Klein-Nishina cross section and is
given by (Blumenthal & Gould 1970)
F (q,Γ) = 2qln(q) + (1 + q − 2q2) +
Γ2q2(1− q)
2(1 + Γq)
,
where
Γ =
4ǫγ
(mec2)
and q =
Eγ
Γ(γmec2 − Eγ)
.
For the blackbody spectrum, v(ǫ), we use an isotropic, di-
luted, modified blackbody spectrum (Persic et al. 2008,
and references therein)
v(ǫ) =
Cdil
π2~3c3
ǫ2
eǫ/kTd − 1
(
ǫ
ǫ0
)σ=1
, (9)
where Cdil is a spatial dilution factor (given by the
normalization Urad =
∫
v(ǫ)ǫdǫ) and ǫ0 corresponds to
ν = 2× 1012 Hz.
4. MODEL RESULTS
4.1. NGC 253 Results
As with our previous model for M82 (YEGZ), we test
a range of parameters to find the best fits to both the
radio and γ-ray spectra for the starburst core of NGC
253 (see Table 2). We choose to vary parameters such as
magnetic field strength (B = 50−350 µG) and radiation
field energy density (Urad = 500−2000 eV cm
−3) as they
are not well-constrained by observations. We vary accel-
eration efficiency (η = 0.04 − 0.2) as it is equivalent to
varying the supernova rate and test two spectral indices
(p = 2.2, 2.3). As the observed γ-ray spectrum for NGC
253 is steeper than that of M82, we choose larger spectral
indices and do not test for p = 2.1. We also test a variety
of wind (advection) speeds (vadv = 0 − 1000 km s
−1) in
order to study the no-wind case and wind speeds similar
to those derived from optical and X-ray observations.
In regards to the molecular gas mass, there is a wide
a range of observed values and there is not yet a clear
consensus on which is most accurate. Varying the gas
mass would have a similar (but not identical) effect to
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Fig. 1.— Contour plots showing changes in reduced χ2 values for ranges of magnetic field strength (B) and advection (wind) speed (vadv)
for for fits to the γ-ray data (left) and radio data (right) for NGC 253. While both plots show a degeneracy in magnetic field strength
and wind speed, the trends are nearly orthogonal with the minimum of for each data set being at opposite ends of parameters space.
Model parameters are set at p = 2.2, η = 0.04, Mmol = 3 × 10
8 M⊙, Urad = 2000 eV cm
−3, nion = 350 cm
−3 (see Table 1 for additional
parameters).
50 100 150 200 250 300 350
Magnetic Field Strength (B) [µG]
0
200
400
600
800
1000
W
in
d
S
p
ee
d
(v
a
d
v
)
[k
m
s−
1
]
10
0
101
102
10
3
50 100 150 200 250 300 350
Magnetic Field Strength (B) [µG]
0
200
400
600
800
1000
W
in
d
S
p
ee
d
(v
a
d
v
)
[k
m
s−
1
]
10
0
101
102
10
3
Fig. 2.— Contour plots showing changes in reduced χ2 values for ranges of magnetic field strength (B) and advection (wind) speed (vadv)
for fits to the combined γ-ray and radio data for NGC 253. We find that there is not a joint solution for the γ-rays and radio spectra and
thus, the combined contour plot (left) is dominated by the radio spectrum. While the contour plot for the lower molecular mass (right)
is still dominated by the radio spectrum, there is a possible joint solution as denoted by the green contours. Model parameters are set at
(left) Mmol = 3 × 10
8 M⊙, Urad = 2000 eV cm
−3 and (right) Mmol = 10
8 M⊙, Urad = 500 eV cm
−3 with p = 2.2, η = 0.04, nion = 350
cm−3.
varying the acceleration efficiency or supernova rate. In
the case of the cosmic ray electrons, varying molecu-
lar gas mass affects the losses due to ionization and
bremsstrahlung but not inverse Comtpon or synchrotron
emission. Though we adopt the value of 3 × 108 M⊙,
there is likely at least a factor of two uncertainty in this
value. As such, we also test models at 108 M⊙. While
we vary the molecular gas mass, we keep the ionized gas
6 Yoast-Hull, Gallagher, Zweibel & Everett
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Fig. 3.— Best-fit γ-ray spectra for NGC 253. χ2 results for the γ-ray data eliminate nearly all combinations of spectral index and
acceleration efficiency, except for η = 0.04 with p = 2.2/2.3. However, as the model for spectral index p = 2.3 (right) does not fit the
HESS data, we exclude it also. Model parameters are set at (left) p = 2.2, η = 0.04, Urad = 2000 eV cm
−3, nion = 350 cm
−3, vadv = 600
km s−1, B = 300 µG and (right) p = 2.3, η = 0.04, Urad = 2000 eV cm
−3, nion = 350 cm
−3, vadv = 200 km s
−1, B = 50 µG with
Mmol = 3× 10
8 M⊙. The solid lines represent the total γ-ray flux, the dashed lines represent the contribution from neutral pion decay, the
dotted lines represent the contribution from bremsstrahlung, and the dot-dashed lines represent the contribution from inverse Compton.
γ-ray data include: Paglione et al. (2012) (Fermi - triangles), Abramowski et al. (2012) (HESS - squares). Data with downward arrows
represent upper limits for both Fermi and HESS data.
TABLE 2
Varied Model Parameters for NGC 253
Physical Parameters Tested Range
Magnetic Field Strength (B) 50 - 350 µG
Wind (Advection) Speed (vadv) 0 - 1000 km s
−1
Ionized Gas Density (nion) 50 - 500 cm
−3
Absorption Fraction (fabs) 0.1 - 1.0
mass constant. However, we do vary the ionized gas den-
sity (nion = 50− 500 cm
−3), and thus the filling fraction
of ionized gas, as it has a significant impact on free-free
absorption and emission in the radio spectrum.
To distinguish between models, we use χ2 tests to com-
pare to the observed data. We can see from the contour
plots of the χ2 values that the γ-ray and radio data con-
strain the value for the magnetic field strength and wind
speed in different ways (see Figure 1). There is a degen-
eracy for the magnetic field strength and wind speed for
the radio data such that as the magnetic field strength
increases, an increase in wind speed allows for a simi-
larly good fit. The reverse is true for the γ-rays. In the
radio spectrum, an increase in magnetic field strength
results in an increase in synchrotron emission such that
the number of electrons must be reduced (see YEGZ for
further explanation). However, in the γ-ray spectrum,
an increase in the magnetic field strength leads to a re-
duction of the inverse Compton flux as fewer electrons
are available as a result of the shorter energy loss life-
times. Thus, the wind speed must be reduced to allow for
more electrons to be available to produce inverse Comp-
ton emission.
Because the results are essentially non-complementary,
we were not able to find a joint solution (a best-fit model
for both the γ-ray and radio spectra based on a common
set of parameters) for the radio and γ-ray data assum-
ing 3 × 108 M⊙ for the molecular mass. This is high-
lighted in Figure 2, where the combined reduced χ2 re-
sult is dominated by the radio data. For the radio spec-
trum, optimal wind speeds are essentially the no wind
case (vadv) which is not supported by observations of
NGC 253. For the γ-ray spectrum, optimal wind speeds
range from vadv = 400 − 1000 km s
−1, which is slightly
higher than optical determinations of the wind speeds.
Additionally, while γ-ray models allow for a wide range
of magnetic field strengths, radio models constrain the
magnetic field strength to 300− 350 µG.
These field strengths correspond to ∼2000 to ∼3000
eV cm−3. Cosmic ray energy densities are nearly an or-
der of magnitude below this, ∼200 to ∼300 eV cm−3
for p = 2.2. While the magnetic field energy density
lies at the high end of the range of the assumed radia-
tion field energy densities, the cosmic ray energy densi-
ties are within a factor of two of the lower end of the
range. Taken at face value, these model results suggest
that for the system the magnetic field and radiation field
are in approximate equipartition while the cosmic rays
are sub-equipartition.
In addition to limiting the possible magnetic field
strength and wind speed values, the γ-ray data severely
constrain the possible combinations of spectral index and
acceleration efficiency. While the radio data is fit equally
well by all combinations of acceleration efficiency and
spectral index, the γ-ray spectrum is easily overestimated
because of the large radiation fields and high densities in
starburst regions. As such, the majority of the combi-
nations of acceleration efficiency and spectral index do
not result in a minimized (best-fit) χ2 value for the γ-
ray spectrum. So, to keep the combination of pion decay
and inverse Compton emission in check, our model rules
out acceleration efficiencies of η = 0.1 and η = 0.2 for
both spectral indices. We also rule out the spectral index
of p = 2.3 for all acceleration efficiencies, as the best-fit
models underestimate the γ-ray spectrum at TeV ener-
gies (see Figure 3). Thus, the only combination of ac-
celeration efficiency and spectral index which both min-
imizes and fits the TeV energy data is p = 2.2, η = 0.04.
Equivalently, a larger acceleration efficiency pared with
a lower supernova rate would have the same result, as we
constrain their product.
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Fig. 4.— Radio spectra for NGC 253. The best-fit radio model is shown on the left. The changes in the total radio spectrum as the
fraction of absorbed synchrotron emission increases by varying the absorption fraction are shown on the right. While we able to obtain
a relatively good fit to the radio with the lower mass (right), we were not able to achieve as good of a fit for the higher mass (left) due
to higher bremsstrahlung losses at low energies. Model parameters are set at (left) p = 2.2, η = 0.04, Urad = 2000 eV cm
−3, nion = 350
cm−3, vadv = 0 km s
−1, Mmol = 3× 10
8 M⊙ and (right) p = 2.2, η = 0.04, Urad = 500 eV cm
−1, nion = 350 cm
−3, vadv = 200 km s
−1,
Mmol = 10
8 M⊙ with B = 350 µG. The solid line denotes total radio flux, the dashed line represents the unabsorbed synchrotron radio
emission in the hot, diffuse gas, the dotted line represents the free-free absorbed synchrotron radio emission in the hot, diffuse gas, and the
dot-dashed line represents radio emission in the warm, ionized gas. Radio data include Carilli (1996) (triangles), Williams & Bower (2010)
(circles), Ricci et al. (2006) (squares), and Peng et al. (1996) (star). Grey lines represent radio spectra with absorption fractions between
0.1 and 1.0 and the black line represents a radio spectrum with an absorption fraction of 0.2.
The goodness of our χ2 fits also change slightly de-
pending on the radiation field energy density. The best-
fit γ-ray spectrum occurs for an energy density of 2000
eV cm−3 for a spectral index of p = 2.2. The resulting
γ-ray spectrum is dominated by pion decay emission but
still has a significant contribution from inverse Compton
emission at TeV energies (see Figure 3).
Aside from the parameters discussed thus far, we also
vary the fraction of synchrotron emission absorbed in ion-
ized gas clouds (see Table 2). Observations show that at
low frequencies, the radio spectrum for NGC 253 levels
off, unlike the radio spectrum for M82 which turns over at
low frequencies. In the case of M82, to fit the radio spec-
trum properly, we required that all of the synchrotron
emission from the hot, diffuse medium was absorbed in
ionized gas clouds such that fabs = 1.0 (YEGZ). How-
ever, as the radio spectrum for NGC 253 only flattens,
we varied the absorption fraction to find what absorption
fraction was required to accurately fit the spectrum. We
found that models with an absorption fraction of up to
fabs = 0.2 agreed with all compared radio data points
(see Figure 4), including models with no absorption frac-
tion (fabs = 0). The best-fit models were for an absorp-
tion fraction of fabs = 0.1, which was selected for use for
the remainder of our models.
In YEGZ, we found that while M82 was an electron
calorimeter, it was, at best, only a partial (∼50%) pro-
ton calorimeter. For NGC 253, we find that it is an elec-
tron calorimeter and that it can be a proton calorimeter,
depending upon the selected parameters. We based our
conclusions on a comparison between energy-loss and ad-
vection timescales. In NGC 253, we find that the aver-
age wind speeds for the best-fit γ-ray models are on the
order of vadv = 400 − 1000 km s
−1. The best-fit wind
speed decreases depending on the assumed magnetic field
strength. Comparing timescales, we find that NGC 253
is a ∼50% proton calorimeter. However, the best-fits for
the radio spectrum were for the no wind case. In this
case, NGC 253 would be a complete proton calorimeter
(cf. Lacki et al. 2011).
While the γ-ray data were readily fit with our model,
the radio spectrum presented much more of a challenge.
As previously stated, we were not able to find a joint
solution for the γ-ray and radio models. While our best-
fit for the γ-ray spectrum had a reduced χ2 value of 2.0,
the best-fit for the radio spectrum had a reduced χ2 value
of 50. In addition to the preferred wind speed being
unphysical, the best-fit model does not match up well
with the Williams & Bower (2010) data. Although we
did not explicitly vary molecular gas mass in our models,
we did originally test a lower gas mass. Models tested
with a lower gas mass of Mmol = 10
8 M⊙ resulted in
significantly better radio fits (see Figures 2 and 4). Our
best-fit model with the lower mass has a reduced χ2 value
of 12. This reduction in χ2 with the lower mass is due to
higher bremsstrahlung losses for higher masses. Thus, for
the lower mass, more electrons are available to produce
synchrotron emission at the low frequencies instead of
bremsstrahlung.
The discrepancy between fits for the different gas
masses is, in large part, due to the limitations of the
one-zone model. While there are many computational
advantages to assuming a simple single zone, there are
also disadvantages. In YEGZ, we noted that by assuming
a single ionized gas density in our model, we were unable
to fit both the high-frequency radio data and the low-
frequency turn down. In NGC 253, our one zone model
has reached the calorimeter limit for the higher gas mass.
As such, while we are producing the same amount of
secondary electrons and positrons at both masses, there
are fewer electrons/positrons available to produce inverse
Compton and synchrotron emission due to an increase in
bremsstrahlung.
4.2. NGC 1068 Results
The CMZ dust temperature is the key to modeling the
γ-ray observations for NGC 1068 as it determines the ra-
diation field that inverse Compton emission depends on.
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Fig. 5.— γ-ray (left) and radio (right) spectra for NGC 1068. While our models always underestimate the observed γ-ray flux, we also
overestimate the radio flux. Model parameters are set at p = 2.0, η = 0.1, Mmol = 5 × 10
7 M⊙, Urad = 10
4 eV cm−3, nion = 400 cm
−3,
vadv = 0 km s
−1, and B = 200 µG. γ-ray data are represented as triangles for Fermi data and squares for HESS data (Ackermann et al.
2012). Data with downward arrows represent upper limits for both Fermi and HESS data. Radio data are represented by blue triangles
(S2, Gallimore et al. 2004), red square (CMZ upper limit, Gallimore et al. 1996b), and black circles (S1, Ho¨nig et al. 2008).
Observations by Storchi-Bergmann et al. (2012) show a
blackbody spectrum with temperatures in the range of
700K ≤ T ≤ 800K for the inner CND. When assum-
ing a radiation field from dust with T = 700 K, the
photon number is significantly decreased such that our
models produce negligible inverse Compton γ-ray emis-
sion. However, this dust temperature is attributed to the
dusty torus of the AGN nucleus and likely does not dom-
inate the larger, surrounding CMZ. As such, we assume
that the dust temperature in the CMZ is on par with the
temperatures of molecular gas in the region, ∼100 K, and
we use this to determine the radiation field spectrum.
As with NGC 253, we intended to test a variety of
different sets of parameters with which to model NGC
1068. However, we found NGC 1068 significantly harder
to model than NGC 253. The upper bound on the su-
pernova rate produces a γ-ray spectrum that is lower
by a factor of only a few (see Figure 5). However, a
lower bound on the supernova rate results in a γ-ray
spectrum that is nearly two order of magnitudes lower
than the observed data. Because we were underestimat-
ing the γ-ray emission, we selected parameters to max-
imize the inverse Compton emission (a magnetic field
strength of B = 200 µG and a radiation field energy den-
sity of Urad = 10
4 eV cm−3) and the pion decay emission
and bremsstrahlung (a wind speed of vadv = 0 km s
−1).
Even selecting parameters to augment the γ-ray emis-
sion, without invoking an extra source of cosmic rays, we
were not able to produce a model which agrees with the
Fermi observations to better than a factor of a few.
Further complicating matters is the radio spectrum for
NGC 1068. While the galaxy has been extensively ob-
served in the radio spectrum, the presence of a radio jet
greatly overshadows any emission not originating from
the AGN or its jets. Ultimately, we chose to compare
our radio models against a few different radio observa-
tions. First, we plot our radio models against radio ob-
servations of the AGN core (S1) found in Ho¨nig et al.
(2008). Though the observations of the AGN are on the
parsec-scale, they do highlight the fact that they are of
a fundamentally different nature than the emission from
star-forming regions. We also plot radio observations
of the region labeled S2 (Gallimore et al. 2004), which
could be the counter-jet as seen through the star-forming
disk.
Additionally, we use the 18 cm radio map in
Gallimore et al. (1996b) to compare with our models.
While the outermost contour includes the spiral arms,
the second contour should give us an upper limit on the
radio continuum in the CMZ excluding the component
from the AGN and the jets. Taking the brightness level
(of 74 mJy/beam) and multiplying by the area of the
CMZ, we obtain an upper limit of ∼ 13 mJy (see red
squared in Figure 5).
While nearly all of the energy of the cosmic ray elec-
trons goes into inverse Compton emission, some small
fraction of the energy is lost due to bremsstrahlung and
synchrotron emission. Assuming a moderate starburst
magnetic field strength of 200 µG results in a significant
amount of synchrotron emission. As the upper limit (red
square) that we plot is nearly an order of magnitude be-
low the model, we must be significantly overestimating
the synchrotron emission in the CMZ. Thus, while as-
suming the upper limit on the supernova rate results in
a γ-ray spectrum which comes within a factor of a few of
the observed data, the radio spectrum disagrees signifi-
cantly with observations (see Figure 5).
5. DISCUSSION
5.1. Starburst versus AGN Environments
Previously, we developed and tested a model for cos-
mic ray interactions in starburst nuclei (YEGZ). In test-
ing our model against other nuclei and combined star-
burst / AGN environments, we have applied our updated
model to two giant, barred spiral galaxies; specifically,
we have modeled both NGC 253, with an unambigu-
ous starburst nucleus, and NGC 1068, the archetypal
Seyfert 2 galaxy. The γ-ray spectrum for NGC 253 is
well fit with a combination of emission from neutral pion
decay, bremsstrahlung, and inverse Compton, requiring
both hadronic and leptonic emission mechanisms.
While we find a joint solution for the γ-ray and radio
spectra for the lower molecular gas mass for the NGC
253 CMZ, we were unable to do the same at a higher gas
mass (3 × 108 M⊙). Paglione et al. (2012) find best-fit
models for both the γ-ray and radio spectra for similarly
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Fig. 6.— Model neutrino spectra for NGC 253 (left) and NGC 1068 (right). At TeV energies, we find that the predicted fluxes for NGC
253 and 1068 are comparable. This is due to the fact that while there is nearly an order of magnitude different at GeV energies, NGC 1068
has a flatter spectrum than NGC 253. Model parameters are set at p = 2.2, η = 0.04, Mmol = 10
8 M⊙, Urad = 500 eV cm
−3, nion = 400
cm−3, B = 250 µG, vadv = 100 km s
−1 (left) and p = 2.0, η = 0.1, Mmol = 5× 10
7 M⊙, Urad = 10
4 eV cm−3, nion = 400 cm
−3, B = 250
µG, vadv = 0 km s
−1 with νSNR = 0.07 yr
−1 (right). The solid black line denotes the total neutrino flux, the red dashed line represents
the flux from muon neutrinos, the dotted blue line represents the flux from anti-neutrinos.
large densities (nISM = 1000 cm
−3). However, they
do not include wind speed as a free parameter and fix
their advection/diffusion timescale at 10 Myr (which is
equivalent to a wind speed of ∼ 5 km s−1 for a half-
thickness of 50 pc). This would allow for a good fit
to the radio spectrum at higher masses and their lower
radiation field would also allow for a similarly good fit
for the γ-ray spectrum. Other models include those of
Domingo-Santamar´ıa & Torres (2005) who find joint so-
lutions when assuming parameters closer to our lower gas
mass and wind speeds between 300 and 600 km s−1. We
believe that the data support our choice of gas masses
in the 1 − 3 × 108 M⊙ range as well as wind speeds of
≥ 300 km s−1 (see Weiß et al. 2008; Westmoquette et al.
2011) and that our models therefore contain astrophysi-
cally reasonable parameters.
Though located nearly four times further away, NGC
1068 has a γ-ray flux comparable to that of NGC 253. In
comparing our model with observations, we find that the
inner starburst region in NGC 1068 does not supply a
sufficient cosmic ray population to produce the observed
γ-ray emission by itself. This agrees with analysis of
the supernova rate, total gas mass, and γ-ray luminosity
by Lenain et al. (2010) for NGC 1068 in comparison to
other starburst galaxies. While a scenario which boosts
the cosmic ray population in the CMZ, such as a diffusion
of cosmic rays from the circumnuclear ring into the CMZ,
is possible, it is most likely that the high-energy emission
results from interactions in the jet. An AGN jet origin of
the γ-ray emission in NGC 1068 agrees with calculations
of Lenain et al. (2010) who propose a leptonic external
inverse Compton (EIC) model for the high-energy emis-
sion.
5.2. Implications for Neutrino Fluxes
While proton-proton interactions dominate as a cos-
mic ray energy loss mechanism in the ISM, proton-γ in-
teractions will be dominant in the jet due to the lack of
molecular gas necessary for proton-proton interactions.
Proton-proton interactions result in both charged and
neutral pions. While neutral pions decay quickly into
γ-rays, charged pions decay into muons and neutrinos
followed by electrons and positrons and more neutrinos.
Thus, galaxies whose γ-ray spectra are dominated by or
are significantly contributed to by pion decay will also
be sources of neutrinos. As proton-γ interactions still re-
sult in pion production, AGN could also be a source for
neutrinos as starbursts are, if γ-ray emission in the jet is
hadronic.
While a detection of neutrinos from AGN would help to
determine the origin of γ-ray emission, such a detection
will also provide vital clues for starburst galaxies. Obser-
vations of neutrinos provide direct information about the
nature of the γ-ray spectrum and the cosmic ray proton
population. Better constraining the contribution of neu-
tral pion decay to the γ-ray spectrum, also better con-
strains the contribution of bremsstrahlung and inverse
Compton emission. In the case of inverse Compton, this
would be another diagnostic for determining the radia-
tion field, which can be uncertain in such environments.
To make a neutrino flux prediction, we start with the
source function for muon neutrinos which results from
charged pion decay (π+ → µ++ νµ and µ
+ → e++ νe +
νµ) depends on the source function for pions:
qν(Eν) =
1
2η
∫ ∞
Eν/2η
qπ(Eπ)
Eπ
, (10)
where qπ(Eπ) is the source functions for pions (see YEGZ
for details) and η ≡ E∗ν/mπ = (m
2
π −m
2
µ)/2m
2
π (Stecker
1979).
We found that the γ-ray spectra for NGC 253 had a
significant contribution from pion decay. While this re-
sults in a significant neutrino flux (see Figure 6), the
steep spectrum of NGC 253 means that M82 is a more
likely candidate for eventual detection of the energetic
neutrinos for which IceCube has good sensitivity (Halzen
2006; Abbasi et al. 2011). Though all of our models for
NGC 1068 underestimated the γ-ray emission, we find
that the corresponding neutrino flux from the starburst
region is comparable to that of NGC 253 at TeV energies
(see Figure 6). However, if the high-energy emission in
the jet is hadronic, NGC 1068 may still be a detectable
source of neutrinos, particularly if the flat γ-ray spec-
trum seen in Figure 5 continues to higher energies. At
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energies below 1 GeV, models predict a significant differ-
ence in the spectra for inverse Compton and pion decay
γ-ray emission (Torres 2004). Thus, in the future, hard
X-ray observations, such as those by NuSTAR, should be
able to distinguish between leptonic and hadronic emis-
sion mechanisms for γ-ray production in such galaxies
and determine whether these galaxies are likely to be
detectable in neutrinos.
6. CONCLUSIONS
In this paper, we explore the differences between star-
burst galactic nuclei and AGN and their impact on cos-
mic ray interactions. As a typical nuclear starburst en-
vironment, NGC 253 can be fit with our model that in-
cludes inverse Compton emission. We find that for an
assumed gas mass of Mmol = 3× 10
8 M⊙, the γ-ray and
radio spectra cannot uniquely determine the magnetic
field strength or wind speed. Additionally, the γ-ray
spectrum also severely limits the possible combinations
of spectral index (to p = 2.2) and acceleration efficiency
(to η = 0.04) due to the powerful combination of effects
due to inverse Compton and pion decay emission.
Past models for NGC 253 have assumed a fixed wind
(advection) speed which presupposes calorimetry (e.g.
Paglione et al. 1996). Based on our results, a wind is
a critical component for determining the degree to which
a starburst system is a calorimeter. While the best-fits
to the γ-ray spectrum result in a ∼50% proton calorime-
ter, fits to the radio spectrum result in a complete pro-
ton calorimeter. Additionally, our fits result in sys-
tems below equipartition (in regards to the cosmic ray
energy densities) with strong magnetic fields (see also
Domingo-Santamar´ıa & Torres 2005). The lack of a solu-
tion which fits the γ-ray and radio spectra together with
a single set of parameters and the problems in fitting the
radio spectrum highlight the limitations of this one-zone
model. We, however, can obtain a good fit to γ-rays and
the radio by assuming a lower gas mass. Understanding
of the ISM conditions is vital to applying these models
to starbursts. As such, while the model works well for a
late phase starburst such as M82, it does not as easily fit
an early phase starburst such as NGC 253.
As an AGN environment containing a possible star-
burst region, NGC 1068 is not fit with our self-consistent
starburst model. While we find a few models that come
close to predicting the observed γ-ray spectrum for NGC
1068, all of our models underestimate the high-energy
emission and we are unable to find any models of the in-
ner starburst region that agree with the observed data.
Thus, we find that the cosmic ray population from the
starburst region alone is not enough to accurately fit
the observed γ-ray emission and even those models in
rough agreement with high-energy observations result in
an overestimation of the radio spectrum. We conclude
that the observed γ-ray emission likely occurs in the
AGN or its jets.
Additionally, we find that starburst galaxies such as
NGC 253 are potential sources for high energy neutrino
detection. However, AGN with high Lγ such as NGC
1068 will not be luminous neutrino sources unless their
high-energy emission is of hadronic origin.
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